Nodule formation was inhibited by exposing soybean plants to nitrate in plastic growth pouches. Exposure to 15 millimolar nitrate resulted in a 2.5-fold decrease in the number of nodules formed in the region of the primary root above the mark made at the time of inoculation to indicate the position of the root tip. Serial ing increasingly apparent that exogenous nitrogen has multiple and complex effects on both the establishment and functioning of nodules. The addition of nitrate, for example, seems to affect nodule function both at the level of rapid, reversible effects on nitrogen fixation and at the level of longer term, irreversible breakdown of tissue organization (9, 10, 14) . Similarly, added nitrate has been reported to diminish the formation of new nodules by inhibiting attachment of rhizobia to the root (1 1), by inhibiting the formation of new root hairs (13, 15) , by preventing the induction ofroot hair curling by the bacteria (15), by blocking the initiation of infection threads (8, 13), and by limiting the development of nodule mass (19).
Most plants must obtain their nitrogen from the soil solution in the form of nitrate or ammonium. Many legumes, however, have the added option of utilizing atmospheric N2 that has been reduced to ammonia by symbiotic bacteria (rhizobia) in root nodules (9) . In circumstances where legumes are provided with adequate levels of fixed nitrogen in the soil, a strong inhibition of both nodule formation and symbiotic nitrogen fixation in preexisting nodules is observed (14) . This inhibition provides evidence for host regulatory mechanisms that control the establishment and functioning ofthe symbiotic association in relation to the supply of fixed nitrogen in the soil.
While many studies have documented the inhibition of sym- ing increasingly apparent that exogenous nitrogen has multiple and complex effects on both the establishment and functioning of nodules. The addition of nitrate, for example, seems to affect nodule function both at the level of rapid, reversible effects on nitrogen fixation and at the level of longer term, irreversible breakdown of tissue organization (9, 10, 14) . Similarly, added nitrate has been reported to diminish the formation of new nodules by inhibiting attachment of rhizobia to the root (1 1), by inhibiting the formation of new root hairs (13, 15) , by preventing the induction ofroot hair curling by the bacteria (15) , by blocking the initiation of infection threads (8, 13) , and by limiting the development of nodule mass (19) .
The present work examines the effects of added nitrate on nodule formation by Bradyrhizobium japonicum in soybean. It is intended to provide background for later molecular analyses of regulatory mechanisms governing nodule formation in this host. We address the question of when nitrate must be present in order to inhibit nodulation, the question of whether nitrate must be in direct contact with affected root epidermal cells, and the question of whether nitrate inhibits infection initiation, infection development, or both.
MATERIALS AND METHODS
Rhizobium Cultures. Bradyrhizobium japonicum strain USDA-I-110 ARS (azide, rifampicin, and streptomycin resistant) was a gift from Dr. D. Kuykendall, USDA, Beltsville, and has been used in all the studies described here except those involving the mutant strain NR 110. This mutant, which lacks nitrate reductase activity, is a derivative of wild-type strain 1 10 and was obtained from Dr (5) . Reextraction of the pellet revealed less than 1% of the total nitrate measured.
The concentration of nitrate in the nutrient medium during plant growth was quantitated by measuring absorbance at 210 nm as described by Cawse (6) . The nutrient medium was diluted 1000-fold prior to measuring the absorbance. At this dilution we did not observe any interference from the materials exuded from the roots into the pouches. Nitrate concentration in the pouch did not change during the first 24 h after placing the seedlings in pouches, but then slowly declined, reaching 13 Anatomical Studies. Roots were sampled, fixed, embedded in paraffin, serially sectioned, stained, and analyzed by light microscopy for stages of infection development as described by Calvert et al. (4) .
RESULTS
Effects of Different Nitrate Concentrations on Nodulation. The roots of soybean seedlings were exposed to different concentrations of nitrate at the time of inoculation and then continuously grown in that medium for 7 d. Seven d after inoculation, the number of nodules above and below the RT mark made at the time of inoculation were counted. The plants grown in the presence of 15 mm nitrate consistently generated only 40% as many nodules as plants grown in nitrogen-free medium (Table  I ). Exposure to 0.5 mm nitrate resulted in no inhibition of nodule formation under these conditions while exposure to 5 mm nitrate inhibited nodulation by 5 to 20% (Table I) Seeds were germinated in the dark for 48 h on 1% agar made with nitrogen-free Jensen's nutrient medium. Seedlings were transferred to plastic growth pouches containing Jensen's nutrient medium which was either free of nitrate or contained an appropriate nitrate concentration and inoculated as described in "Materials and Methods." The position of the RT was marked on the pouch at the time of inoculation. Seedlings were exposed to full light in the growth chamber only 24 h after inoculation. Nodules on the tap root were counted 7 d after inoculation. A set of 100 seedlings was used for each treatment and each treatment repeated at least twice.
Average (Fig. 2 , e, f, and g) as when provided at the time of inoculation (Fig. 2d) . However, the inhibitory effects of nitrate were much reduced if exposure to nitrate was delayed for 18 to 24 h after inoculation (Fig. 2, h (Fig. 2d) . In these experiments, the no-nitrate control plants were
The effect of the time and the duration of exposure of roots to nitrate on nodule formation. Solid bars represent the time period during which the roots were exposed to nitrate. The vertical arrow represents the time when seedlings were inoculated relative to the time of nitrate application. In one set of experiments, nitrate was applied to the soybean seedlings either for 24 h prior to inoculation only (b) and for 24 h prior to inoculation and continuing until the nodules were counted (c). In the second set of experiments, the application of nitrate to the roots was delayed until 1 (e), 3 (f), 6 (g), 18 (h), and 24 (i) h after inoculation, and then continued until the nodules were counted. In the third set of experiments nitrate was applied from the time of inoculation for a limited period of 4 (j), 8 The results in Table II indicate that plants exposed to nitrate in the bottom half of the pouch and to KC1 in the inoculated region (treatment 3) did not develop significantly more nodules above the RT mark than plants exposed to nitrate in both the inoculated zone and below (treatment 2). Although the application of nitrate below the inoculated region was just as effective in inhibiting nodulation as the application of nitrate to the entire root, chemical analyses indicated that the internal amounts of nitrate in the infected root segments from treatment 3 were less than half the amount detected in root segments from treatment 2 ( Table IV) .
Application of Nitrate above the Inoculated Region of the Root. In these experiments, seedlings were grown for 3 d on agar prior to placing them in split-towel pouches. This was done to obtain fairly long roots which would extend at least 3 cm into the lower part of the pouch. Previously, we determined that a 1-to 2-cm portion of the root above the root tip can be infected (3, 4) . Thus, by having the root extend at least 3 cm onto the lower part of the towel, nitrate present in the upper part of the towel would not come in contact with the infected region in the lower section of the pouch.
As shown in Table III fold decrease in nodulation above the RT mark, microscopic analysis provided direct evidence for a 3-fold decrease in the number of infection threads in roots exposed to 15 mM nitrate (Table V) . As shown in Table V , and also reported previously (4), only a small fraction of the total infections generated by rhizobia in soybean roots develop into visible nodules. As a consequence of this (regulatory) abortion of most infections, changes in nodule numbers could occur without a proportionate change in the number of infections and vice versa. Nitrate also caused a 3-fold decrease in the number of pseudoinfections. Pseudoinfections are centers ofBradyrhizobium-induced cortical cell division. They are similar to appearance in actual infections except that they lack an associated infection thread and fail to Table IV . Internal Concentration ofNitrate in Inoculated Regions of the Root Seeds were germinated in two batches so that at the time of pouching 48-h-old as well as 72-h-old seedlings were simultaneously available. Seedlings were placed in pouches (without inoculation) and grown as described in the legends to Tables II and III . Twenty-four hours after the seedlings were placed in pouches, 2-cm segments of the roots just above the RT mark were collected for nitrate analyses. Three replicate samples each containing five root segments were collected for each treatment and the experiment was repeated twice. Seeds were germinated and seedlings transferred to normal growth pouches, marked, inoculated, and grown as described in "Materials and Methods." Seven d after inoculation, nodules on the tap root were counted and 5 to 10 representative root samples taken for anatomical analyses. The number, location, and stage of development of each infection event in 2-cm segments excised from the infected zone of the root above the RT mark were determined as described (4) . Each data point is an average determined from examination of at least four replicate roots. The population average for the number of nodules is an average from 100 replicate plants. progress to the stage of meristem formation (4) . Thus, exposure to nitrate appears to block the initiation of infections by preventing both infection thread formation and initial cell divisions in the root cortex.
The formation of infection threads and initial cortical cell divisions are known to be independent events occurring relatively early in the infection process. The first cell divisions induced by rhizobia in the root cortex of soybean are completed within about 12 h after inoculation (4) . Ultrastructural studies indicate that infection threads are first evident in soybean about 24 h after inoculation (16) . Previous studies have shown that exposure to nitrate inhibits infection thread formation in other legumes (13) . This study provides the first indication that nitrate also inhibits early cortical cell division.
When seedlings were allowed to interact with rhizobia for 18 to 24 h prior to exposing them to nitrate, inhibition of nodule formation was decreased by about 2.5-fold (Fig. 2d versus h, i) . However, exposure to rhizobia for 1 to 6 h prior to exposure to nitrate did not affect the extent of inhibition (Fig. 2d versus e-g). We conclude from these results that nitrate has its greatest effects on infection events which are completed within the first 18 h after inoculation. This conclusion is based on the assumption that infections should escape from the inhibitory effects of nitrate if they are allowed to complete those steps that are sensitive to nitrate inhibition prior to the addition of nitrate.
Although initial cortical cell divisions and infection thread formation were found to be blocked by exposure to nitrate (Table  V) , neither of these processes is complete within 18 (18, 19) , root hair emergence (3, 17) , induced root hair deformation (16, 17) , and the initial induction of cortical cell divisions (4) . Exposure to nitrate may affect one or more of these very early steps.
Previous studies with alfalfa and clover have indicated that exposure to nitrate can significantly decrease bacterial attachment (1 1), root hair emergence (15) , and root hair deformation (8, 13, 15) . However, the classic studies of Munns (13) revealed that the observed inhibition ofroot hair number and deformation could not fully account for the observed inhibition of nodule formation. Similarly in soybean, the nitrate-sensitive steps in infection that escape from inhibition between 6 and 18 h after inoculation account for only about two-thirds of the overall decrease in nodule number. It remains to be determined how long the exposure to nitrate can be delayed before all infection events escape inhibition, thus facilitating identification of the remaining nitrate-sensitive infection events.
Since nitrate appears to block infection events that are normally completed in less than 18 h after inoculation, it was surprising to find that exposure to nitrate for periods of 4 to 24 h following inoculation had little or no effect on subsequent nodule formation (Fig. 2d versus j-m) . Likewise, exposure to nitrate for an interval of 24 h prior to transfer to no-nitrate conditions and inoculation had no subsequent effect on nodule number (Fig. 2, b, d) . A clear inference from these results is that the inhibitory effects of nitrate on infection events above the RT mark are almost entirely reversible. It will be of interest to determine the basis of this reversibility particularly in view of developmentally transient susceptibility of root cells to the initiation of infections.
Results in Table I show that exposure to 0.5 mM nitrate had no inhibitiory effect on nodule formation. Exposure to 5 mm nitrate was likewise not significantly inhibitory except in the region below the RT mark, whereas 15 mm nitrate was strongly inhibitory both above and below the RT mark. These results indicate that there may be a fairly distinct threshold of nitrate concentration, or nitrate uptake and metabolic conversion, at which inhibitory responses are activated in the host.
In the experiments summarized in Tables II and III , nitrate was provided to the roots at sites physically separated from the inoculated, infected region. In those instances where roots were inoculated in the upper section of the pouch, nitrate added to both the upper and the lower sections was slightly more inhibitory than nitrate provided in only the lower or only in the upper sections. This is as one might expect. However, nitrate added to the lower section of the towel was consistently more inhibitory than nitrate added to the upper, inoculated section. This was not expected and clearly demonstrates that the concentration of nitrate in external contact with the root cells undergoing infection is not the crucial determinant of inhibition.
The data from corresponding plants analyzed for internal nitrate levels (Table IV) reveal that the degree of inhibition of nodulation does not correlatee well with the measured internal concentration of nitrate in the zone of the root undergoing infection. A lack of quantitative correlation between inhibition and internal nitrate concentration was also evident in results from experiments where nitrate was added in the section oftowel above the infected zone (Tables III and IV) .
Since the extent of inhibition does not correlate with either the external or internal concentration of nitrate, we tentatively conclude that nitrate itself is probably not an active effector of infection inhibition, as proposed by earlier workers (1 1, 15, 19 ). For the same reasons, nitrate itselfdoes not seem likely to be the active inducer ofinfection-inhibiting responses in the host. There is no information at this time concerning the identity of the substance or process that might serve as the inducer of infectioninhibiting responses.
